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Pulmonary surfactantInfrared reﬂection–absorption spectroscopy (IRRAS) of lipid/protein monolayer ﬁlms in situ at the air/water
interface provides unique molecular structure and orientation information from the ﬁlm constituents. The
technique is thus well suited for studies of lipid/protein interaction in a physiologically relevant
environment. Initially, the nature of the IRRAS experiment is described and the molecular structure
information that may be obtained is recapitulated. Subsequently, several types of applications, including the
determination of lipid chain conformation and tilt as well as elucidation of protein secondary structure are
reviewed. The current article attempts to provide the reader with an understanding of the current
capabilities of IRRAS instrumentation and the type of results that have been achieved to date from IRRAS
studies of lipids, proteins, and lipid/protein ﬁlms of progressively increasing complexity. Finally, possible
extensions of the technology are brieﬂy considered.
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1.1. Monolayers as a paradigm for studies of lipid–protein interaction
The study of lipid–protein interaction inmodelmembrane systems
has been approached by a wide variety of biophysical methods, as
Fig. 1. IRRAS accessory currently in use at Rutgers University. The Wilhemy plate is
placed on the right hand side of the trough. The reference channel is to the left of the
barrier. The entire trough shuttles as indicated to sample the desired channel. The
incident light is guided to the surface via three mirrors. The beam path is represented as
a dashed line. The reﬂected light follows an equivalent optical path. The angles of
incidence and reﬂection as well as the state of polarization are under computer control.
(Reprinted with permission from the Optical Society of America [Ref. 36]).
Fig. 2. IRRAS spectrum of the 4-component system DPPC/DPPG/cholesterol/SP-C on a
D2O subphase demonstrating the high S/N ratio achieved with current instrumentation
in (A) the methylene stretching region, 2800–3000 cm−1 and (B) the 1400–1800 cm−1
region containing vibrations from the lipid and protein constituents as marked.
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greatly aided in the past two decades by technical advances, including
methods for acquisition of 3D structures of membrane proteins and by
reﬁnements in molecular modeling of bilayer systems. Despite
substantial progress, certain classes of problems are not adequately
addressed with bilayers as the sole experimental paradigm. For
example, an understanding of the initial recognition events between
proteins and membrane surfaces may require a degree of control of
the physical properties of the interface not always available in bilayer
or multilayer systems.
The advantages of lipid monolayers as experimental models for
biophysical studies have been well recognized. An example of a
problem of physiological relevance which beneﬁts from monolayer
studies is themechanism of pulmonary surfactant action. Accordingly,
lipid–protein ﬁlms at the air–alveolar lining layer in the mammalian
lung are thought to exist in vivo as pressure-dependent monolayers
and multilayers [1, 2]. Another speciﬁc class of problem for which
monolayers are appropriate involves interfacial enzymes such as the
phospholipases. Thus, phospholipase A2 is 104 times more active with
phospholipid substrates organized as monolayers rather than in theirTable 1
IR modes used for analysis of IRRAS spectra.
Mode Wavenumber (cm−1) Comment
Lipids
Acyl chain modes
CH2 symmetric stretch 2849–2854g The frequCH2 asymmetric stretch 2916–2924CD2 symmetric stretch 2087–2100
CD2 asymmetric stretch 2190–2200
CH2 scissoring 1462–1473 Orthorho
1468 Hexagona
CD2 scissoring 1086, 1094 Orthorho
1089 Hexagona
Polar region modes
CfO stretch (ester) 1710–1740 The frequ
CfO stretch (fatty acid) 1690–1740 The frequ
PO2− asymmetric stretch 1220–1250 The frequ
PO2− symmetric stretch ∼1090
Peptide bond modes
Amide I (mostly CfO stretch) 1610–1690 The frequ
Amide II (N\H in-plane bend+C\N stretch) 1520–1560 Commonl
Amide A (N\H stretch) 3200–3400 Secondarmonomeric states [3]. More generally, any interacting lipid–protein
pair for which the initial recognition steps are of interest may be
proﬁtably studied by monolayer-based approaches.
From an experimental viewpoint, lipid monolayers at the air/
water interface (Langmuir ﬁlms) as models for studies of lipid–
protein interaction provide several technical advantages. First,s
encies of these modes are qualitative markers of conformational disorder
mbic phase doublet
l or triclinic phase
mbic phase doublet
l or triclinic phase
ency is sensitive to H-bonding
ency is sensitive to protonation state
ency is sensitive to hydration and ion binding
ency is sensitive to secondary structure and vibrational coupling
y used to monitor H\D exchange. The frequency is sensitive to secondary structure
y structure sensitivity is limited
Fig. 3. Precision and accuracy in quantitative IRRAS measurements. The molecule studied is a synthetic ceramide lipid model, whose structure is illustrated. (A) Spectra of the CH2
stretching region acquired with p-polarized radiation over a fairly narrow range of incident angles. Note the sign change of the RA at the Brewster angle. Further details in the text.
(B) Spectra of the CH2 stretching region acquired with s-polarized radiation over a range of incident angles. (C) Reproducibility of the p-polarized intensity of the CH2 asymmetric
stretch (2920 cm−1) as a function of angle of incidence. Data for 4 independent ﬁlms are overlaid. (D) Reproducibility of the s-polarized intensity for the same band as a function of
angle of incidence. (Reprinted with permission from the Optical Society of America [Ref. 36]).
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especially when compared to solid surfaces. Second, from a
biophysical point of view, many useful experimental variables may
be controlled, including surface pressure, monolayer and subphase
composition (including the presence of proteins), area/molecule,
temperature, pH, and phase separation/domain formation in lipid
mixtures. The study of monolayers also offers the practical advantage
of requiring small amounts (micrograms) of occasionally expensive
protein constructs (e.g., genetically engineered) compared with bulk
phase measurements. A drawback to the use of Langmuir ﬁlms as an
experimental paradigm before the mid 1980s was that molecular
structure information could not be acquired from ﬁlm constituents.
Information was more or less limited to the classical techniques of
pressure–area (π–A) isotherms.
The situation changed signiﬁcantly in the mid 1980s. Techniques
such as (epi-)ﬂuorescence microscopy, Brewster angle microscopy,
and X-ray reﬂection, became available for studies of the organization
of Langmuir ﬁlms [4-7]. Although these approaches provide no direct
molecular structure information, they provide essential characteriza-
tion of ﬁlm organization and phase behavior at supramolecular
distance scales. At high pressures such as those occurring in relevant
lung models (solid or liquid-condensed phases), the contrast in
ﬂuorescence or Brewster angle microscopy imaging experiments
becomes limited.
A difﬁculty in acquiring molecular structure information from
ﬁlm constituents arises in that the standard high-resolution tools
of biophysics, e.g., NMR or X-ray diffraction, are not applicable.
Thus, the experiments of Dluhy et al. [8-11] from the mid 1980s
showing that it was possible to acquire molecular structure
information from lipid monolayers in situ at the A/W interface
using IR spectroscopy were very welcome. The technique theyemployed was a variant of IR termed infrared reﬂection–absorption
spectroscopy (IRRAS). Following initial reports that monitored acyl
chain structural changes during surface pressure-induced phase
transitions, applications of IRRAS were expanded both by this
laboratory and others to monitor elements of lipid and protein
structure and orientation [12-17]. The theory and applications have
been reviewed several times [18-22]. Since the subject matter is
generally unfamiliar, the technique is summarized brieﬂy below for
the reader's convenience.
1.2. IRRAS—experimental considerations
IRRAS is based on the observation that when mid-IR radiation
impinges onto aqueous monolayers ﬁlms, a small fraction (6%) of the
light is reﬂected from the molecular constituents of the surface. IRRAS
spectra of the ﬁlm constituents are generally presented as plots of
reﬂectance–absorbance (RA) vswavenumber. RA is deﬁned as− log10
(R/Ro) where R is the reﬂectivity of the ﬁlm-covered surface and Ro is
the reﬂectivity of the aqueous subphase.
A schematic of the experimental set-up currently in use at Rutgers
University is shown in Fig. 1. Light in a well-deﬁned polarization state,
either parallel (p-polarized) or perpendicular (s-polarized) to the
plane of incidence, impinges onto the surface at a well deﬁned and
controlled angle of incidence. The reﬂected light is detected at an
angle equal to the angle of incidence. The polarization state of the
beam and the surface pressure of the Langmuir ﬁlm are computer-
controlled and adjusted as desired. Lipid ﬁlms are generally spread
from volatile organic solvents. Proteins may be spread concurrently
with or without lipids directly on the surface or, alternatively, injected
directly into the subphase beneath the surface and their subsequent
adsorption to the monolayer measured.
Fig. 4.Demonstration of the validity of the theoretical formalism used to calculate tilt angles of functional groups. Themolecule is behenic acidmethyl ester (structure shown). IRRAS
spectral data (D2O subphase) for p-polarized and s-polarized radiation are shown in (A) and (B), respectively. The complex CfO contour was resolved and the orientation of the
1737 cm−1 band arising from unhydrated CfO groups was determined. The experimental p/s band intensity ratios are shown as a function of angle of incidence in (C) along with
the theoretical simulations for a 90° tilt angle. (Reprinted with permission from the American Chemical Society [Ref. 38]).
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spectra from ﬁlms on aqueous surfaces is the spectral interference
from the omnipresent rotation–vibration bands from water vapor. To
overcome this problem, two approaches have been developed. The
Rutgers group developed [23] a sample shuttle technique in which a
reference IRRAS spectrum is acquired from a ﬁlm-free surface. The
intensity of light reﬂected from the ﬁlm-covered surface is then
ratioed to the reference spectrum. Residual interference from water
vapor and other sources of noise are reduced to ∼2×10−5 RA units. To
overcome spectral interference in the Amide I region from the H2O
bending mode, D2O is often used in the subphase. A typical example
from the Rutgers lab is shown for a 4-component (DPPC/DPPG/
Cholesterol/SP-C) model of pulmonary surfactant in Fig. 2. The S/N
ratio in the C\H stretching region is 300/1 for the 2850 cm−1
symmetric stretching mode (RA ∼ .003) and the Amide I mode of SP-C
near 1650 cm−1 is readily detected.
An alternative approach, termed polarization modulation–infrared
reﬂection–adsorption spectroscopy (PM-IRRAS), developed primarily
by the Bordeaux group [15, 24], possesses an advantage over the
conventional IRRAS mode in that the modulated reﬂectivity is
independent of the isotropic adsorption from vapor or bulk water.
In this experiment, a photoelastic modulator generates alternating
linear states of polarized light. Consequently, the interfering effect of
water vapor and carbon dioxide can be substantially reduced.
1.3. Analysis of IRRAS spectra
1.3.1. Interpretation of IR frequency information
As in most IR experiments, IRRAS measurements provide frequen-
cies and intensities of molecular vibrations. There are several levels of
sophistication at which spectral frequencies from relatively largemolecules may be interpreted. In general, for lipids, peptides, and
proteins, the normal coordinate problem is underdetermined, even
with extensive use of isotope labels. Empirical levels of analysis,
developed over the past half-century, are routinely applied. These
assume that spectra–structure correlations established for small
molecules may be directly transferred to lipid assemblies or proteins.
The added notion that must be considered for useful extrapolation of
spectra-structure correlations from small molecules to polymers is the
occurrence of vibrational coupling between identical or nearly
identical chemical units. Snyder (US) [25, 26], Zerbi (Italy) [27], and
Shimanouchi (Japan) [28, 29] have extensively developed these
concepts for molecules containing polymethylene chains. Many
groups, including ours, have attempted to calculate the effects of
vibrational coupling on the IR and Raman spectra of proteins in
solution. We have expounded this work in detail for antiparallel β-
sheets [30], for model collagen peptides [31], and for globular proteins
[32]. Spectral features usually available from IRRAS measurements
and the sensitivity of particular vibrational modes to molecular
structure changes are summarized in Table 1.
1.3.2. Interpretation of IRRAS intensities
Whereas IRRAS frequency information is interpreted in terms of
molecular structure as noted above, a detailed examination of IRRAS
intensities permits determination of the orientation of functional
groups or ordered structural elements (lipid chains, protein helices, or
sheets, etc.) and requires consideration of the optical properties of the
interface. Reﬂected intensities at frequencies corresponding to
molecular vibrations depend upon extinction coefﬁcients, the exper-
imental geometry (angle of incidence, state of polarization of the
radiation), the optical constants (real and imaginary parts of the
refractive indices of the ﬁlm and subphase), and the orientation of the
Fig. 5. The ﬁrst IRRAS determination of chain order for various phases of a lipid (DPPC)
ﬁlm. (A) IRRAS spectra of DPPC monolayers at decreasing molecular areas as shown by
the direction of the arrow. (B) The frequency of the asymmetric CH2 stretching
vibration plotted as a function of molecular area for the various DPPC phases as
indicated. (Figure courtesy of Professor Rich Dluhy, University of Georgia).
Fig. 6.Measured (■) and calculated (–) RA vs angle of incidence for the symmetric CD2
stretching vibration of a monolayer of DPPC-d62 on an H2O subphase at 21 °C and a
surface pressure of 28 mN/m. The best ﬁt to the data was found using an acyl chain tilt
angle of 26°. The calculated lines are shown along with the experimental data for s- and
p-polarized light. (Figure courtesy of Professor Arne Gericke, Kent State University).
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illumination. In normal IR, absorbance is a positive quantity. In
contrast, RAs may be positive or negative, depending on the
parameters noted above.
Our summary of the various theories of IRRAS intensities was
published some 15 years ago [21], and the approaches seem to have
stood the test of time. Several groups have found that the treatment of
Kuzmin, Michailov, and co-workers [33-35] that assumes a frame-
work based on a thin anisotropic Langmuir ﬁlm between two semi-
inﬁnite phases (air, water) gives reﬂected IRRAS intensities in good
agreement with experiment. The interested reader is thus referred to
the above sources.
1.4. Sensitivity and reproducibility of IRRAS measurements
The current state of IRRAS reproducibility with the apparatus
shown in Fig. 1 is demonstrated below and in Flach et al. [36]. Fig. 3A
and B show both p- and s-polarized IRRAS spectra of the methylene
stretching modes for a skin lipid (ceramide 2, structure given in the
ﬁgure) at a series of angles of incidence between 40° and 70°. Spectra
are offset for clarity. In Fig. 3A, where spectra acquired with p-
polarized light are plotted, two features are of interest. The sign
change of the RA at the Brewster angle is predicted by the theory,
while the subtle difference in the response of the two methylenestretching modes at 2850 and 2920 cm−1 to changes in the angle of
incidence arises from slight differences in the subphase optical
constants at the two frequencies. Fig. 3C and D show the
reproducibility of the data for 4 independent preparations for both
p- and s-polarizations.
The instrument precision demonstrated in Fig. 3 is translated into
increased precision in orientation measurements. The beneﬁts
accrued are demonstrated for an experiment where IRRAS was used
[37] in an attempt to verify the assumed orientation of the CfO bond
in behenic acid methyl ester (structure shown in Fig. 4) monolayers at
the A/W interface. IR spectra of BME shows two strong CfO bands at
1737 and 1721 cm−1 arising from unhydrated and hydrated CfO
bonds, respectively, as well as weaker features not considered here.
IRRAS spectra are shown in Fig. 4A and B for the two polarizations at
various angles of incidence.
Elementary bonding considerations suggest that the unhydrated
CfO is perpendicular to the BME chain which itself is known [38, 39]
to be perpendicular to the surface. The system thus serves as a
sensitive test of the formalism for calculating the orientation of
particular functional groups. The predicted 90° angle of the CfO bond
relative to the chain is borne out by the IRRAS measurements. The
intensity ratio of P/S polarized spectra of the 1737 cm−1 band is
compared in Fig. 4C with the theoretical simulations presented as a
solid line in the ﬁgure, assuming the aforementioned 90° angle. The
excellent agreement indicates (i) that the experimental measure-
ments are precise enough to determine functional group orientation
and (ii) that the simulationmethods are appropriate. It is noted that it
is very difﬁcult to acquire IRRAS spectra with good S/N ratios utilizing
p-polarized radiation at incident angles between 48° and 58°, i.e.,
close to the Brewster angle, due to the weakness of the reﬂected
intensity. Spectra at angles of incidence greater than 60° are easier to
acquire.
2. Applications of IRRAS for structural studies of lipid and proteins
The purpose of the current chapter is to demonstrate the scope of
applications possible with current IRRAS technology rather than to
Fig. 7. Sensitivity of the phosphate vibrations to hydration. (A) Structure of lipid A. (B)
s-Polarized IRRAS spectra as a function of surface pressure, which increases from the
top to the bottom spectrum. Spectra are offset for clarity. The phosphate vibrations at
1258, 1238, and 1225 cm−1 represent unhydrated, monohydrated, and dihydrated
forms of particular phosphates in the molecule.
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reviews spanning the past 2 decades of applications are readily
accessible. The experiments selected herein include examples of (i)
lipid monolayers–molecular structure and phase behavior, (ii)
peptide monolayers—secondary structure and orientation, (iii)
lipid/peptide and lipid/protein interactions, iv) lipid–protein inter-
actions in phospholipase-catalyzed hydrolysis of PCs, and lastly, (v) a
recent application involving the pulmonary surfactant system.Fig. 8. Langmuir trough design for examination ofmultilayer states of aqueous ﬁlms: (A)
top, normal barrier design; bottom, embedded barrier design permitting acquisition of
IRRAS spectra at high surface pressures. (B) PM-IRRAS spectra of a DOPS monolayer at
26 mN/m (dashed line) and of a trilayer (solid line) at 44 mN/m in the alkyl chain
methylene stretching region (top panel in B) and in the polar headgroup vibration range
(bottom panel in B). (Reprinted with permission from the American Chemical Society
[Ref. 41]) (Figure courtesy of Professor Bernard Desbat, CNRS Talence Cedex, France).2.1. Lipid monolayers—molecular structure and phase behavior
Initial applications of IRRAS centered on characterization of chain
conformational changes in Langmuir monolayer ﬁlms. An early
example from Dluhy's group [18, 40] is shown in Fig. 5. The CH2
stretching region from a series of IRRAS spectra acquired from a DPPC
monolayer at progressively increasing surface areas are overlaid
(from lower to higher (negative) peak intensities). These vibrational
frequencies are well known to decrease with the introduction of
conformational order into the acyl chains. Thus, the decrease in the
asymmetric CH2 stretching frequency from ∼2922.5 to ∼2917 cm−1
as the DPPC monolayer is compressed through various phases with
decreasing area/molecule provides unique information about gauche
rotamer formation in each physical state of the monolayer.In addition to qualitative information about chain conformation,
the theoretical formalism may be used to acquire precise information
about chain tilt angles in ordered phases. An example from the
laboratory of Professor Arne Gericke (Kent State University) is shown
in Fig. 6. Measured and calculated RA values as a function of angle of
incidence for the symmetric CD2 stretching vibration are plotted for a
monolayer of acyl chain perdeuterated DPPC (DPPC-d62) on an H2O
subphase at a surface pressure of 28 mN/m. The best ﬁt to the
experimental data as shown was found for an acyl chain tilt angle of
26°. The calculated curves and experimental data points are shown for
s- and p-polarization. Excellent agreement is evident.
Fig. 9. Temporal stability of pulmonary surfactant SP-A NCRD Langmuir ﬁlms in the
absence (A) and presence (B) of a lipid A ﬁlm at a surface pressure of 25mN/m on a D2O
Ca2+-containing buffer.
Fig. 10. Isotope labeling delineates the β-sheet region in the synthetic fragment NH2-
WLARALIKRIAQMIPKGA⁎LA⁎VA⁎VA⁎Q-VCR-COOH of pulmonary surfactant SP-B. Top
spectrum, native SP-B; middle spectrum, unlabeled synthetic peptide sequence;
bottom spectrum, peptide with alanines labeled (⁎following labeled residues).
(Reprinted with permission from Elsevier [Ref. 43]).
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regions of the monolayer ﬁlms. An example is shown for the
phosphate groups of diphosphoryl Lipid A, a precursor of lipopoly-
saccharide (LPS) whose structure is shown in Fig. 7A. The 1190–
1300 cm−1 region is plotted as a function of surface pressure in Fig.
7B. This spectral region contains the asymmetric PO2− symmetric
stretching vibration, a mode that is very sensitive to phosphate group
hydration (i.e., H-bond formation). At the lowest surface pressures,
the band contour consists of (at least) three overlapped features at
∼1225, 1238, and 1258 cm−1, probably corresponding to dihydrated,
monohydrated, and unhydrated phosphate groups, respectively. As
the surface pressure is increased, it is evident that IR intensity is
transferred from the dihydrated to the monohydrated form. The
simplest interpretation of this experiment is that it reveals a structural
or environmental change in the vicinity of one of the lipid polar head
groups resulting in a change in accessibility of water to the
phosphates. It is interesting to observe that one of the phosphates
remains dehydrated throughout the compression, as evidenced by the
nearly constant relative intensity of the peak at 1258 cm−1.
In a ﬁnal demonstration of the unique capabilities of IRRAS, Saccani
et al. [41] have utilized a Langmuir trough design (Fig. 8A) which
permits acquisition of data at high surface pressure. In the normal
IRRAS setup, the ﬂat barrier lies directly on the edge of the trough as
shown in the top panel. The modiﬁed barrier shown in the bottom
panel is embedded in the trough and allows the water level to be
adjusted. This design prevents rupture of the liquid meniscus at high
surface pressures. PM-IRRAS and Brewster angle microscopy data
acquired frommonolayers compressed in this trough beyond the point
of collapse have shown the formation of stable multilayer structures.
For example, as shown in Fig. 8B, compression of 1,2-dioleoyl-phosphatidylserine (DOPS), to pressures greater than ∼45 mN/m,
revealed the presence of a trilayer structure. As shown in the ﬁgure,
IRRAS intensities of the methylene modes and the lipid CfO are ∼3×
greater than those from the monolayer. Similar conclusions are
evident from the low frequency region shown in the bottom panel.
2.2. Peptide monolayers—secondary structure and orientation
IRRAS provides a unique means to study protein conformation in
monolayer ﬁlms. Three examples are given below that emphasize
current IRRAS capabilities in this area. The ﬁrst experiment monitors
long-term temporal stability of protein structure in ﬁlms alone and in
the presence of lipids at the interface. The protein used was a
genetically engineered construct of pulmonary surfactant protein SP-A,
a molecule involved in innate host defense against airborne pathogens.
The current variant includes the carbohydrate recognition (CRD) and
neck regions of the molecule. The protein adsorbs directly to aqueous
surfaces, in this case D2O, and the temporal variation of the Amide I′
contour is shown in Fig. 9A. The Amide I′ region initially reﬂects the
known mixed helical and irregular structure of the construct. Spectral
shifts consistent with the formation of substantial proportions of β
strands or sheets become evident after ∼5 hours, the result of surface
denaturation. The unfolding is inhibited by the presence of a lipid Aﬁlm.
In this case, shown in Fig. 9B, no signiﬁcant change in SP-A structurewas
observed for 6.5 hours. Similar types of experiments have been reported
by Lad et al. [42], who studied the interaction of lysozyme with stearic
acid monolayers.
The second application to protein ﬁlms involves the monitoring
and localization of surface–pressure induced secondary structure
changes in the peptide fragment 9–36 of the pulmonary surfactant
protein SP-B [43]. The peptide sequence is NH2-WLARALIKRIAQMIPK-
GA⁎LA⁎VA⁎VA⁎Q-VCR-COOH. Two isotopomers of the peptide were
synthesized, the normal isotopic form, as well as the form possessing
13C peptide bond CfO groups in the four alanine residues indicated by
asterisks in the sequence. The full-length protein possesses a four-
helix bundle motif. The Amide I′ IRRAS spectral region (1750–
1540 cm−1) from native, porcine SP-B, and from the labeled and
unlabeled SP-B:9-36 peptide monolayers are shown in Fig. 10. The
native full-length protein shows a mixed helical and disordered
Fig. 11. Determination of the orientation of neuropeptide Y in a Langmuir ﬁlm during compression. Characters adjacent to the p-polarized spectra in (A), bottom panel correspond to
pressures in the π–A isotherm shown in the inset (top left) as follows (a: π=0; b: 8 mN/m; c: 12 mN/m; d: 16 mN/m). Spectra were acquired for angles of incidence of 40° (solid
line) and 60° (dashed line). Also shown is a helical wheel representation of the peptide α-helix (black: hydrophobic residues; white hydrophilic residues; arrow: direction of the
hydrophobic moment). (B) Simulations of the Amide I and II bands (p-polarization for angles of incidence of 40° (top) and 60° (bottom) of neuropeptide Y for different tilt angles, φ
(deﬁned in the bottom panel)) of the α-helix from the surface normal. (Reprinted with permission from the American Chemical Society [Ref. 44]) (Figure courtesy of Professor
Mathias Lösche, Carhegie-Mellon University).
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additional spectral feature at ∼1624 cm−1, revealing the presence
of β structure. The labeling experiment permits the conclusion that
the residues involved in the β structure arise from the labeled region
of the peptide. The shift from 1624 cm−1 (unlabeled molecule) to
1597 cm−1 (labeled molecule) without substantial additional
changes in the Amide I′ contour, provides ﬁrm evidence for this
assignment. The “take-home” message from this experiment is that
IRRAS technology now has sufﬁcient sensitivity to identify those
regions of peptides and small proteins undergoing conformational
alterations.
A third extremely useful application of IRRAS for examination of
peptide monolayers is the determination of peptide orientation. For
complex systems, independent knowledge of the peptide structure is
required. Dyck et al. [44] examined monolayers of neuropeptide Y
(NPY), a 36-amino acid neurotransmitter with sequence YPSKPDNP-
GEDAPAEDMARYYSALRHYINLITRQRY-NH2 andanamidatedC-terminus.
It is found throughout the central andperipheral nervous system inmany
mammalian species. NMRdata in solution [45] reveals the presence of an
amphiphilicα-helix, spanning residues 13–36,while theN-terminal part
of the peptide is disordered.
The approach used to derive peptide orientation is summarized in
Fig. 11. The primary spectral data depict the Amide I region from apure peptide ﬁlm at the four surface pressures marked on the
isotherm in the top half of Fig. 11A. Spectra were acquired with p-
polarized radiation at angles of incidence of 40° and 60°. Included
with the isotherm is a helical wheel structural representation.
IRRAS spectra simulated according to the theoretical formalism of
Kuzmin and Michailov are shown in Fig. 11B. When the amphipathic
helix is assumed to lie parallel to the interface (φ=90° in the
simulation), a purely negative contour is predicted for the Amide I
mode for an angle of incidence of 40°, while a purely positive contour
is predicted for the Amide I mode for an angle of incidence of 60°.
Comparison of simulation with experiment reveals that the peptide
orientation is essentially parallel to the interface. It is noted that the
observed shift of ∼8 cm−1 in Amide I frequency between the spectra
acquired at 40° and 60° angles of incidence is accounted for in the
simulations.
2.3. Lipid/peptide and lipid/protein interactions
As is clear (hopefully) at this point, IRRAS is particularlywell suited
for the study of lipid/protein interaction. The obvious reason for this is
that the experiment provides otherwise unobtainable information
about the lipid and protein constituents of the monolayer. Two
examples of the effect of protein on the tilt of the acyl chains in mixed
Fig. 12. Pulmonary surfcatant SP-A-induced changes in the tilt angle of the DPPC acyl
chains at two surface pressures and polarizations: (A) π=25mN/m, (B) π=10mN/m.
DPPC ﬁlms (○), DPPC/SP-A ﬁlms (●), calculated curves (A) pure DPPC (solid line) chain
tilt angle=32°; DPPC/SP-A (dashed line) chain tilt angle =31°, (B) pure DPPC (solid
line) chain tilt angle=35°; DPPC/SP-A (dashed line) chain tilt angle =28°. (Reprinted
with permission from the American Chemical Society [Ref. 46]).
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IRRASwas used tomonitor the interaction of pulmonary surfactant SP-
A with preformed DPPC monolayers as a function of surface pressure
[46]. Typical experimental data points for the RA of the symmetric CH2
stretching vibration of DPPC are shown in Fig. 12 for two surface
pressures and for two polarizations in the presence and absence of
protein. Incorporation of SP-A at surface pressures of 10 mN/mFig. 13. (A) PM-IRRAS spectra of a DMPC/gramicidin A layer (8:1 molar ratio) at the indicated
of gramicidin A at the indicated tilt angles on a D2O subphase. (Reprinted with permission
Federale de Lausanne and Dr. Peter Ulrich, SCIPROM, St.-Sulpice, Switzerland).induces a signiﬁcant decrease in the average acyl chain tilt from 35° to
28°. In contrast, little or no protein-induced change in DPPC chain tilt
was observed at surface pressures of 25 or 40 mN/m (data not shown
for a pressure of 40 mN/m). These results are consistent with
ﬂuorescence microscopy studies [47] in which SP-A was suggested
to accumulate at the boundary between LE and LC domains. Thus, the
lack of change in DPPC chain tilt at high pressure suggests that the
protein is excluded from the very ordered lipidic environment.
In an elegant early PM-IRRAS study of the effect of lipid on protein
conformation, Ulrich and Vogel [16] examined monolayers of grami-
cidin A, pure and in mixtures with dimyristoylphosphatidylcholine
(DMPC), at the air/H2O and air/D2O interfaces by (PM-IRRAS). The
entire set of amide I absorption modes was simulated for various
possible structures of the protein, using complete parameter sets for
different conformations based on published normal mode calculations.
The structure of gramicidin A in the monolayer was assigned to a 6.3
helix. PM-IRRAS spectra of a DMPC/gramicidin Amixedmonolayer on a
D2O subphase at different surface pressures are shown in Fig. 13A,
while simulated PM-IRRAS spectra at various gramicidin A tilt angles
are shown in Fig. 13B. Excellent agreement between the simulated and
experimentally observed Amide I contours is noted. A marked
dependence of the peptide orientation on the applied surface pressure
was observed for the mixed lipid–peptide monolayers. At low
pressures, the helix lies ﬂat on the surface, whereas at high pressures,
the helix was oriented almost parallel to the surface normal.
2.4. Lipid–protein interactions in phospholipase-catalyzed hydrolysis
of PCs
As noted in the Introduction, the physical state of phospholipid
substrates for phospholipase action dramatically alters the rate of
hydrolysis. IRRAS provides a convenient means to probe this
phenomenon. The Möhwald/Brezesinski group has provided inter-
esting results in this area [48-50]. A useful example from their lab
shown in Fig. 14 is their IRRAS examination of the phospholipase D-
catalyzed hydrolysis of DPPC to produce 1,2-dipalmitoylphosphati-
dic acid (DPPA) [48]. They took advantage of spectral differences
between DPPA and DPPC in the spectral region (1000–1270 cm−1)
of the PO2− stretching modes to develop an assay for the extent ofﬁlm pressures on a D2O subphase. (B) Simulated PM-IRRAS spectra of the Amide I band
from Elsevier [Ref. 16]) (Figure courtesy of Professor Horst Vogel, Ecole Polytechnique
Fig. 14. Phospholipid interactions with phospholipase D. (A) PM-IRRAS spectra of
different DPPC/DPPA mixtures at π=40 mN/m. (B) Integrated intensity of the
phosphate vibrations as a function of the DPPC mole fractions in mixtures with DPPA.
(●) Sum of the symmetric PO2− and CO(P) modes, (▲) antisymmetric PO2− vibration
band. (C) hydrolysis yield catalyzed by 25 (●) and 255 (■) units of phospholipase D.
(Reprinted with permission from Elsevier Limited [Ref. 48]) (Figure courtesy of
Professor Gerald Brezesinski, Max Planck Institute of Colloids and Interfaces, Golm/
Potsdam, Germany).
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the basis for the assay are shown in Fig. 14A in which PM-IRRAS
spectra of DPPA/DPPC mixture are plotted as a function of
composition, while Fig. 14B plots the integrated intensity of various
phosphate vibrations arising from either DPPA or DPPC as a function
of the mole fraction of DPPC. This straightforward calibration
permits determination of the extent of DPPC hydrolysis at two
enzyme concentrations as shown in Fig. 14C.
2.5. Lipid–protein interaction in the pulmonary surfactant system
Two recent examples from this laboratory [51], describing
applications of IRRAS for studies related to the pulmonary system,
are presented. For a more thorough sampling of recent applications ofFig. 15. IRRAS spectra (1765–1540 cm−1) of human SP-D NCRD adsorption to Rd1 LPS
monolayers initially compressed to (A) π=10 mN/m and (B) π=25 mN/m. In each
panel, the spectrum labeled: (1) was acquired before protein injection, (2) following
protein injection under the lipid monolayer and pressure equilibration, (3) 10 min
following subphase injection of an EDTA solution, and (4) 1 hour after the EDTA
injection. Surface pressures at the various stages are noted. The lipid CfO at ∼1735 cm−1
remains essentially unchanged under the various conditionsdemonstrating the stability of
the LPSmonolayer. A weak, broad Amide I feature (∼1620–1650 cm−1) arises from LPS in
(1), both panels, but is overwhelmed by the intense Amide I band resulting fromadsorbed
SP-D in (2) and (3). Details of the EDTA injection are discussed in the text. (Reprintedwith
permission from the American Chemical Society [Ref. 51].
Fig. 16. Comparison of dichroic ratios of Amide I intensities at 1654 cm−1 as a function
of angle of incidence from experimental (symbols) versus simulated (lines) data to
determine the orientation of the neck region in SP-D NCRD under various conditions.
Experimental values were obtained from SP-D adsorption to: (○) a clean air/water
interface, (●) an LPS monolayer at Π=10 mN/m, and (Δ) an LPS monolayer at
Π=25 mN/m. The mean and standard deviation for four experiments are shown for
the π=10mN/m experiment, and averages for two experiments are shown for the two
remaining datasets. Dichroic ratios are plotted from simulations conducted at particular
neck axis tilt angles (0°, 20°, 45°, 90°) as marked. (Reprinted with permission from the
American Chemical Society [Ref. 51].
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following original literature [52-54].Fig. 17. Poly-L-lactic acid spectrum obtained with PA-IRRS on a water subphase at 45°
angle of incidence. Total acquisition time: 10.8 s for 1000 frames; total integration time:
1.5 s. (Reprinted with permission from the Optical Society of America [Ref. 60]) (Figure
courtesy of Professor John Rabolt, University of Delaware).2.5.1. Ca2+-induced binding of SP-D nCRD to LPS
Two of the pulmonary surfactant speciﬁc proteins, SP-A and SP-D,
are known to play a role in host defense. The roles played have been
described in general terms; however, the molecular mechanisms of
the speciﬁc recognition between these proteins and lectins are not yet
fully elucidated. It is known that SP-D binds the core carbohydrate
region of various lipopolysachharides (LPS) found in Gram-negative
bacteria cell walls. As a starting point for understanding the molecular
basis of binding, useful structural information has been acquired from
recombinant trimeric fragments of human and rat SP-D [55-57].
We undertook IRRAS studies [51] of SP-D/LPS interaction since
structural information regarding SP-D binding to physiologically
relevant ligands was unavailable. Two types of experiments were
undertaken. First, IRRASwas used to qualitativelymonitor the binding
of SP-D to an LPS molecule. Typical experimental data are shown in
Fig. 15.
IRRAS spectra (1765–1540 cm−1) are shown for the Ca2+-speciﬁc
binding of recombinant trimeric SP-D, possessing the neck and
carbohydrate recognition domain (NCRD), to Rd1 LPS monolayers.
Monolayers were initially compressed to surface pressures of 10 mN/
m (Fig. 15A) or 25mN/m (Fig. 15B). Spectra were acquired before and
following protein injection and pressure equilibration as indicated
(steps 1 and 2 in each panel). Subsequently, an EDTA solution was
injected into the subphase, and spectra were acquired after 10 min
and 1 h (steps 3 and 4 in each panel). The Ca2+-dependent nature of
LPS binding was proven by this protocol since spectra acquired at
different times after the addition of EDTA display a signiﬁcant
decrease in SP-D Amide I intensity with time indicating its release
from the surface. As seen in the spectra, after approximately 1 hour, a
moderate surface pressure increase was observed along with an
additional IRRAS shoulder at ∼1615 cm−1, most likely due to the
carboxylate asymmetric stretch of EDTA.2.5.2. Orientation of SP-D in a lipopolysaccharide ﬁlm
In addition to the qualitative demonstration of Ca2+-dependent
binding outlined above, a quantitative determination of the orienta-
tion of the SP-D NCRD to the LPS monolayer was carried out. The
analysis involved detailed simulations of the Amide I contour using
procedures developed in the Rutgers lab [32], followed by incorpo-
ration of the Kuzmin/Michailov formalism to calculate the IRRAS
intensities. The results are shown in Fig. 16. In the ﬁgure, the
experimental dichroic ratio (p-polarized intensity/s-polarized inten-
sity) values at 1654 cm−1 (most sensitive frequency for determining
the neck orientation, see [51]) measured using three different sets of
conditions are plotted over a range of incident angles along with
curves generated from simulated intensities calculated for various
assumed tilt angles as indicated. The experimental values were
obtained from SP-D NCRD adsorption to a clean A/W interface and to
LPS (Rd1) monolayers at surface pressures of 10 and 25 mN/m. The
simulated curves are based on the X-ray structure coordinates of the L,
D-heptose-bound protein structure [55]. The best ﬁt to the experi-
mental data in the absence of an LPS monolayer was found for the
simulations where the molecular axis was essentially parallel to the
A/W interface, i.e., a tilt angle close to 90°. In contrast, in the presence
of LPS monolayers, a best ﬁt tilt angle range of 20°–45° was found for
the π=10mN/m experiment, whereas a tilt angle closer to 20° ﬁt the
data for the LPS π=25 mN/m experiment.2.6. Future prospects
Two decades following its introduction, IRRAS is well integrated
into the standard set of tools for evaluation of molecular structure in
Langmuir ﬁlms. Several areas of biophysics, as noted above, have
beneﬁtted signiﬁcantly from this technology. Future progress in the
ﬁeld awaits technical improvements currently on the horizon. For
example, incorporation of spatial resolution into the experiment
would permit details of domain composition in monolayers to be
elucidated, with the caveat that IR spatial resolution is limited to a few
microns at best. The general feasibility of the approach was shown in
2006 by Steiner et al. [58]. Monolayers of octadecanephosphonic acid
(OPA) attached to a microstructured aluminum oxide/gold patterned
surface were formed. PM-IRRAS images were generated with a point-
by-point sampling approach in a standard IR spectrometer. In these
experiments, there is a trade-off between lateral spatial resolution
and high sensitivity determined by the angle of incidence. Lateral
resolution of ∼15 μm produced an IR map of a strong PfO band
between regions where PfO was present (aluminum oxide surface)
versus regions where it was absent (gold surface). However, the maps
were of marginal contrast. Changes in the optical setup tended to
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sensitivity to produce better quality spectra and images.
To acquire spatially resolved IRRAS data from Langmuir ﬁlms, the
experiment has to be sufﬁciently rapid so that molecular diffusion
during data collection does not blur the images. Increasing the
brightness of a light source might help the acquisition of IRRAS data
from solid substrates but might also cause heating and convection in
Langmuir ﬁlms. Improvement may be possible through the use of
tunable IR diode lasers and a rastering approach. In addition,
incorporation of an (extremely sensitive) IR array detector might
signiﬁcantly decrease data acquisition times.
Finally, a novel experiment developed by Rabolt and Chase and
their collaborators may provide the desired solution to rapid
acquisition of IRRAS spectra as well as imaging[59, 60]. They have
developed a planar array infrared reﬂection spectrograph (PA-IRRS)
in which an infrared spectrograph disperses a mid-IR spectrum onto a
mercury cadmium telluride array detector. PA-IR instruments offer
many advantages over conventional FT-IR instruments, including a
simple experimental setup, a multichannel detection advantage, and
no moving parts. In a recent report [60], the authors describe a design
which can record sample and reference channels simultaneously,
thereby providing good compensation of the water vapor in a IRRAS
measurement. The performance of the device is shown in Fig. 17,
where the authors present a spectrum featuring the CfO mode of
poly-L-lactic acid. The total acquisition time for 1000 frames was in
10.8 sec, while the total integration time required was 1.5 sec. The
next step would be to couple the PA-IRRS device to an IR microscope.
In summary, the ability of IRRAS and PM-IRRAS to provide
molecular structure and orientation information from Langmuir
ﬁlms is a well-proven technique in monolayer biophysics. Experi-
mentally, the initial problems with spectral interference due to water
vapor have been overcome so that spectra may be readily acquired
from the Amide I spectral region, while the theoretical analysis of the
band intensities appears to be robust. These considerations portend
well for future applications.
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